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A B S T R A C T
Uses of models of land use change are primary tools for analyzing the causes and consequences of land
use changes, assessing the impacts of land use change on ecosystems and supporting land use planning
and policy. However, no single model is able to capture all of key processes essential to explore land use
change at different scales andmake a full assessment of driving factors and impacts. Based on the multi-
scale characteristics of land use change, combination and integration of currently existed models of land
use change could be a feasible solution. Taken Sangongwatershed as a case study, this paper describes an
integrated methodology in which the conversion of land use and its effect model (CLUE), a spatially
explicit land use change model, has been combined with a system dynamic model (SD) to analyze land
use dynamics at different scales. A SDmodel is used to calculate area changes in demand for land types as
a whole while a CLUE model is used to transfer these demands to land use patterns. Without the spatial
consideration, the SD model ensures an appropriate treatment of macro-economic, demographic and
technology developments, and changes in economic policies inﬂuencing the demand and supply for land
use in a speciﬁc region. With CLUE model the land use change has been simulated at a high spatial
resolutionwith the spatial consideration of land use suitability, spatial policies and restrictions to satisfy
the balance between land use demand and supply. The application of the combination of SD and CLUE
model in Sangong watershed suggests that this methodology have the ability to reﬂect the complex
behaviors of land use system at different scales to some extent and be a useful tool for analysis of
complex land use driving factors such as land use policies and assessment of its impacts on land use
change. The established SD model was ﬁtted or calibrated with the 1987–1998 data and validated with
the 1998–2004 data; combining SD model with CLUE-S model, future land use scenarios were analyzed
during 2004–2030. This work could be used for better understanding of the possible impacts of land use
change on terrestrial ecosystem and provide scientiﬁc support for land use planning and managements
of the watershed.
 2010 Elsevier B.V. All rights reserved.
Contents lists available at ScienceDirect
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journa l homepage: www.e lsev ier .com/ locate /ecocom1. Introduction
Increased efforts have been made to understand the processes,
trends and driving forces of land use change and its ecological
consequences (Verburg et al., 1999; Geist and Lambin, 2002; Irwin
and Geoghegan, 2001; Lambin, 2002; Ojima et al., 2002; Parker
et al., 2003; Gutman et al., 2004; Turner et al., 2007). Identifying* Corresponding author at: Xinjiang Institute of Ecology and Geography, Chinese
Academy of Sciences, Urumqi 830011, Xinjiang, China. Tel.: +86 991 7885397;
fax: +86 991 7885320.
E-mail address: luogp@ms.xjb.ac.cn (G. Luo).
1476-945X/$ – see front matter  2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecocom.2010.02.001the primary causes and estimating the processes and trends of land
use change are crucial for land use planning, utilization of regional
resources, and management of the environment (Ojima et al.,
2002; Turner, 2002). Land use change is determined by the spatial–
temporal interactions between biophysical and human factors at
different scales (Turner et al., 1995; Veldkamp et al., 2001; Verburg
et al., 2004).
Models of land use changes are useful tools for analyzing
driving forces and processes of land use changes, assessing the
ecological impacts of land use change and decision-making for
land use planning. In the past 10 years, scientists have developed
different models of land use/cover change (LUCC) depending on
their objectives and background (Verburg et al., 2004). But no
G. Luo et al. / Ecological Complexity 7 (2010) 198–207 199single model is capable of seizing all crucial processes of land use
change at the different scales (Verburg et al., 2008). Each LUCC
model has its own potentials and constraints. Some current land
use models are either only valid for one of the processes to
represent land use change or lack ability to reﬂect the spatial
dimensions of land use change (Hubacek and Sun, 2001; Lambin
et al., 2000). In order to couple more important aspects to land use
modeling it is necessary to develop an integrated approach which
better addresses the multi-scale characteristics of the land use
system, explicitly deals with temporal and spatial dynamics, and
achieves a higher level of integration between disciplinary
approaches (Verburg et al., 2004). Combination and integration
of current land use models could be a feasible and potential
solution.
The conversion of land use and its effects (CLUE) model is a
model with multi-scale characteristics, which can better under-
stand the processes that determine changes in the spatial pattern
of land use and explore possible future changes in land use at the
different spatial scales (Verburg et al., 2008). It also can specify the
scenario conditions for future land use in detail (Verburg et al.,
2002;Verburg andVeldkamp, 2004). However, its ability to reﬂect
the macro-demand for land use based on the given socio-
economic scenario is still limited. In the some study cases, the
objectives of the authorities are used as the input data of the land
demands. In the other researches, some related models were
introduced to calculate the land demands, e.g. a model named
GTAP (Global Trade Analysis Project), which was proved to a
feasible solution for the limitation of CLUE model (Verburg et al.,
2006).
System dynamics (SD) is a methodology for understanding
certain kinds of complex problems. It was originally proposed by
Jay W. Forrester in the 1950s (Forrester, 1968), which focuses on
how the thing being studied interacts with the other components
of the system. System dynamics was proposed to achieve systems
thinking with computer models in solving complicated manage-
ment problems. Since environmental management involves
complicated interactions, some system dynamics models have
been developed for environmental management and ecosystem
assessment (Saysel and Barlas, 2001; Leal Neto et al., 2006; Suﬁan
and Bala, 2007). Moreover, it is often used to predict the demand
for land use based on the micro-social-economic conditions or
scenarios for land use planning and management (Saysel et al.,
2002; Yu et al., 2003). It is important and useful to develop a
system dynamics model for land use management. However, SD
model’s ability to represent the spatial process is weak because it
cannot deal with a mass of spatial data well and cannot describe
and model the distribution and situation of those spatial factors in
the system (Zhang, 1997).
Based on the discussion above, we would like to make our
efforts to develop an approach by the combination of SD model
and CLUE model to deal with some shortcomings of the existing
land use model and to properly address the processes at different
scales that give rise to the land use dynamics. The approach
presented in this study will be helpful to understand the
complexity of land use change and provide scientiﬁc support
for land use planning and managements. The objectives of the
study are (1) to develop a SD model to calculate and predict
demands for different land use types at the macro-scale as a
whole, (2) to improve the characterization and presentation of the
land use change processes by developing a CLUE model that will
transfer and allocate land demands from SD model to spatially
explicit land use patterns at a ﬁner spatial scales (e.g., at 50 m
resolution in our study), and (3) to discuss the advantages and
disadvantages of combining and integrating the current land use
change models to improve land use change modeling and
projection.2. Data and methods
2.1. The study area
The Sangong River drains Tianshan Mountains and ﬂows
northward into the southern Junggar Basin in Xinjiang, with a
total drainage area of 1670 km2 (Fig. 1). The drainage basin consists
of three physiographical units, Tianshan Mountains to the south,
oasis in the middle, and, to the north, the southern ﬂank of the
Gurbantonggut Desert. Oases, more productive than the surround-
ing deserts, are the primary sites for human settlement because of
the availability of fertile soil, fresh groundwater, and surface runoff
from the nearby mountains (Jia, 1996). The oasis in the Sangong
River drainage covers the piedmont of Tianshan and the margin of
the Junggar Basinwith a size of about 942 km2, sloping to the north
with an elevation ranging from 700 to 465 m above sea level.
Alluvial fans often containing a narrow, distal phreatic zone
dominate the southern part of the oasis and, in the north, a ﬂat,
low-gradient alluvial plain occurs.
Over the past 50 years, the local vegetation and soil have been
changed or modiﬁed by large-scale land reclamation, irrigation
and cultivation, as well as the application of fertilizers across the
Sangong watershed (Luo et al., 2003). There are two typical land
use patterns in the Sangongwatershed, Farm-based LandUse (FLU)
with large-scale intensiﬁed agricultural activities and Household
Responsibility-based Land Use (HRLU) with small-scale family
farming which are prevailing in the arid region of Xinjiang. In the
Sangong River drainage, the HRLU region, which is mainly
managed by local government, is situated on the alluvial–diluvial
fan, including Chengguan Rural Area, Jiuyunjie Rural Area and
Fukang City, while the FLU region, which is mainly managed by
Xinjiang Production and Construction Corps (XPCC), is sited in the
alluvial plain, including Fubei Farm and Liuyunhu Farm. Although
there are no evidence indicating climate differences between in the
HRLU region and in the FLU region there are obvious differences in
soil and soil water conditions (Wang and Zhao, 2001). In this study,
the Fubei Farm in FLU area was chosen as a study area (Fig. 1).
2.2. Data
Remotely sensed data used to characterize land use change in
the study area includes 65 black and white aerial photographs at
1:35,000 scale taken in August 1978, 26 color-infrared aerial
photographs at 1:70,000 scale taken in July 1987, a Landsat TM
image taken in August 1998, and a SPOT image taken in July 2004.
Geo-rectiﬁcation and mosaic of these images were conducted
using ERDAS image processing software and 1:50,000 scale
topographic maps. The TM image has a resolution of 30 m,
satisfying the precision required for mapping at a scale of
1:100,000. For this reason, all the images were converted to plane
coordinates at 1:100,000 scale.
The land was categorized into various units or types prior to
land use change analysis. As a general practice in China, this study
follows the system of current land use surveys (State Bureau of
Land Administration, 1997). Six land use types were identiﬁed,
including farmland, woodland, grassland, residential and industri-
al lands, waters, and unused lands. Some linear surface features,
such as roads, irrigation canals and shelter-forest belts, could not
be individually categorized due to the resolution limitation of the
images. Subsequently, they are included into the above six land
types. A GIS database of land use typeswas developed at 1:100,000
scale and the topographic relationships were generated. Attributes
related to land use changes were derived from the images. Visual
interpretation of the imageswas assisted in classifying the land use
types. Field visits to the study area were repeatedly conducted to
check and validate the accuracy of the interpreted images. Based
Fig. 1. Location of the study area. The oasis of the Sangong River is outlined. DFP: demand for farming product; DGL: demand for grassland; DIL: demand for industrial land;
DL: demand for livestock; DURL: demand for urban residential land; DRRL: demand for rurul residential land; DSDFL: difference of supply and demand of farmland; DSDGL:
difference of supply and demand of grassland; DTL: demand for transportation land; GDP: gross demestic product; Rural P: rural population; T land: transportation land;
Urban P: urban population.
G. Luo et al. / Ecological Complexity 7 (2010) 198–207200on the on-site visits and the information provided by the local
residents, the classiﬁcation accuracy of the land types for 1978,
1987, 1998 and 2004 were estimated to be 93%, 96%, 94% and 95%,
respectively.Besides remotely sensed data, the other biophysical data
collected for this study included 1:50,000 scale topographic maps,
monthly groundwater table and quality data from 16 wells during
1976–2005, distribution maps of soil type, soil organic matter and
G. Luo et al. / Ecological Complexity 7 (2010) 198–207 201nutrients data derived from 236 soil samples in 1981, 1992 and
2002, respectively. 1:50,000 scale topographic maps were used to
establish the digital elevation model using triangulated irregular
network and accordingly created the maps of altitude and slope
using the 3D Analystmodule of ARCGIS. Spatial distributions of soil
organic matter and nutrients, groundwater table and quality were
created by spatial interpolation using the method of inverse
distance weighted, and its accuracy met the need for model
analyses.
Socio-economic data were originated from population and
agricultural censuses during 1975–2005, including population
census data, population density, livestock density, water con-
sumption by unit area, crop production by unit area. They were
presented at the level of village administrative units, and can be
represented by a polygon. Census data in the vector format could
be used for direct analysis, and also be transformed to a grid format
with a 50 m resolution for raster-based modeling. The spatial
accessibility to the main water resources, roads, and residential
and industrial area was calculated by shortest distance. Finally, the
spatial grid maps including four-periods of land use and each
impact factor with resolution of 50 m were prepared for model
data input.
Finally, an integrated GIS database was constructed bymerging
the satellite- and biophysical- and census-based data in the vector
or raster format.
2.3. Model description
This study is built on an integrated CLUE model with SD
model to account for the structure of land use change processes
in Sangong watershed. The proposed model mainly unfolds at
two scales, local and regional. But we need to assess the inﬂuence
of driving forces such as provincial or national policies at the
higher level on land use. At the regional scale or higher level, SD
model is used to simulate the demand for land use types as a
whole without spatial consideration with social-economic
development, including parameters such as population density,
population growth rate, economic factors, marketing condition
as well as technology advances and macro-policy constraints. In
arid land, water resource is the most important determinant
natural factor for the social-economic development, the restric-
tion of water resources on social-economic factors at the regional
scale is also considered during the establishment of a SD model.Fig. 2. The causality functions and feedback loop structure ofA CLUE model is used to simulate spatial dynamics and makes
top-down implementation for the spatial allocation of land use
types.
2.3.1. SD model
Land use demand is closely related with the regional socio-
economic development which is mainly driven by human factors,
including population, GDP, market and technology progress,
policies at different levels and so on. The SD model has been
proved to be a useful tool for analyzing the complex connection
between land use and socio-economic development (Saysel et al.,
2002; Yu et al., 2003). Furthermore, it is easier andmore ﬂexible to
use a SD model to design plausible land use scenarios based on the
different socio-economic developments which are presented by
the different combinations of human factors.
In the study, the SD model was divided into driving force and
land use parts. The driving force part dealtwith the impact of non-
spatial human factors on land use change, mainly including
human living demand, economy development, technology prog-
ress and market adjustment, while the land use part focused on
the interaction and conversions between land use types driven by
non-spatial human factors and natural factor such as water and
land resources. On the base of analyses on driving forces of land
use change in the study area (Tang et al., 2007), the structure of SD
model on land use is drawn with the causality functions and
feedback loop structure between a large numbers of socio-
economic and policy variables (Fig. 2). For example, Popula-
tion+! Demand for farm product, residence and transprota-
tion+! Demand for different land use type+! Demand for
land+! Defference between supply and demand of farmland,
and residential and industrial land+! Population.
The Ventana Vensim PLE v5.4d software (http://www.vensim.-
com) was used to design the stock and ﬂow diagram according to
the causal loop diagram of SD model and automatically generate
the corresponding equations based on the designed stock and ﬂow
diagram. The stock and ﬂow diagram includes 10 state variables,
14 rates, over 100 auxiliaries and arrows as well as over 100
equations. The SD model simulations begin with 1978. The model
was calibrated with the 1987–1998 land use data and validated
with the 2004 data in the FLU. Table 1 shows that the SD model is
reliable with <5% relative errors of simulation results compared
with reference data and can be used to simulate the future demand
for land use types.SD model on the land use change in the Sangonghe oasis.
Table 1
The SD model simulation precision and its validation results in the FLU.
Farmland Woodland Grassland Residential and industrial land Unused land
Reference data 1987 6006 1790 4048 452 402
1998 6001 1860 3980 536 321
2004 7611 1083 2873 541 590
Simulation results 1987 5945 1799 4107 453 394
1998 5847 1875 4116 527 333
2004 7557 1030 2961 562 588
Relative error (%) 1987 1.02 0.48 1.48 0.14 2.05
1998 2.58 0.80 3.42 1.62 3.67
2004 0.72 4.91 3.05 3.93 0.32
Table 2
Scenarios design of the population increase, economic growth, technology development and marketing during 2004–2030.
2000–2004 Scenario 1 Scenario 2 Scenario 3
Increase rate of population 9.1% High (P1) Medium (P2) Low (P3)
11.0% 9.0% 7%
Growth rate of GDP 8.2% High (G1) Medium (G2) Low (G3)
9.2% (2005–2015) 8.2% (2005–2015) 7.2% (2005–2015)
7.2% (2016–2030) 6.5% (2016–2030) 5.7% (2016–2030)
Marketing adjustment: ratio of grain self-support 97% High (M1) Medium (M2) Low (M3)
115% 100% 85%
Technology progress: increase rate of grain productivity 1.1% High (T1) Medium (T2) Low (T3)
1.5% (2005–2015) 1.1% (2005–2015) 1.1% (2005–2015)
1.1% (2016–2030) 1.1% (2016–2030) 0.9% (2016–2030)
G. Luo et al. / Ecological Complexity 7 (2010) 198–2072022.3.2. Scenarios of SD model
Based on the local statistical social-economic information from
1975 to 2004, relatedmacro-economic planning and policies at the
provincial and national level, three variable settings of the
population increase, economic growth, technology development
and marketing have been designed in the next 26 years from the
year of 2004 (see Table 2). Then according to the combination of
these settings, three future socio-economic scenarios have been
deﬁned and their demand for land use can be predicted during
2004–2030 using the SD model. The ﬁrst scenario is the reference
one (P2, G2, M2 and T2) which almost keeps the present pace with
social and economic development. The second scenario is the
economic one (P1, G1, M1 and T2) which may speed up socio-
economic development. The third scenario is the ecological one
(P3, G3, T3 and T1) which is favorable to ecological improvement.
2.3.3. CLUE-S model
The conversion of land use and its effects (CLUE) methodology
(Verburg et al., 2002; Verburg and Overmars, 2009) was developed
at Wageningen University, the Netherlands, to project and
visualize the spatial patterns of changes in land use as they are
expected to develop under a set of conditions that are speciﬁed in
scenarios. In the study, because of its ability to represent multi-
scale land change, the CLUE-S version of the CLUE model, has been
applied, based on high-resolution data in which each pixel only
contains one land use type. This version has mainly been used in
case studieswith a local to regional extent and a resolution ranging
from 20 to 1000 m (Verburg et al., 2002; Verburg and Veldkamp,
2004; Overmars et al., 2007).
The CLUE-S model is based on the dynamic simulation of
competition between land uses while the spatial allocation rules
can be speciﬁed based on an empirical analysis, user-speciﬁed
decision rules, neighborhood characteristics or a combination of
these methods. Verburg et al. (2006) showed its basic structure.
The actual allocation is based on the constraints and preferences
deﬁned by the user based on the characteristics of the land use type
or the assumed processes and constraints relevant to the scenario.Overview of the CLUE-S modeling procedure was shown in Fig. 3
(Verburg and Overmars, 2007).
According to Fig. 3, the CLUE-S model needs to consider the
following four parts, land use requirements, location character-
istics and suitability, spatial policies and restrictions, and land use
type speciﬁc conversion settings. We used the SD model to deal
with the land use requirements (demand).
(1) Land use requirements (demand): the land requirements
(demand) for the different land use types are calculated with
the SD model described above (Fig. 2).
(2) Location characteristics and suitability: the demand for land
by the different land use types determines the overall
competitive capacity of the different land use types, but the
location suitability is a major determinant of the competitive
capacity of the different land use types at a speciﬁc location.
The location suitability is a weighted average of the suitability
based on empirical analysis capturing the historic and current
location preferences in response to location characteristics,
and suitability based on scenario speciﬁc decision rules
(Verburg et al., 2008). The location characteristics in this
study include groundwater table and quality, soil type, soil
organic matter and nutrients, altitude and slope, population
density and livestock density, and accessibility to water
sources, roads and the built-up areas, which are regarded as
the potential factors of land use suitability. The empirical
analysis was conducted to estimate the contribution of
different location characteristics (potential factors) to the
suitability of a location for a speciﬁc land use type based on a
logistic regression relating land use patterns to awide range of
potential factors (Verburg et al., 2004). In this study logistic
regressionwasused to indicate the probability of a certain grid
cell to be devoted to a land use type given a set of potential
driving factors following:
Log
Pi
1 Pi
 
¼ b0 þ b1X1;i þ b2X2;i þ    þ bnXn;i (1)
T
a
b
le
3
B
e
ta
v
a
lu
e
sa
fo
r
re
g
re
ss
io
n
re
su
lt
s
o
f
th
e
sp
a
ti
a
l
d
is
tr
ib
u
ti
o
n
o
f
la
n
d
u
se
o
n
th
e
in
th
e
FL
U
a
re
a
d
u
ri
n
g
1
9
7
8
–
1
9
9
8
.
D
ri
v
e
rs
P
o
p
u
la
ti
o
n
d
e
n
si
ty
S
o
il
o
rg
a
n
ic
m
a
tt
e
r
G
ro
u
n
d
w
a
te
r
ta
b
le
E
le
v
a
ti
o
n
G
ra
d
ie
n
t
Li
v
e
st
o
ck
d
e
n
si
ty
G
ro
u
n
d
w
a
te
r
q
u
a
li
ty
C
o
n
st
a
n
t
R
O
C
v
a
lu
e
B
e
ta
E
x
p
(B
)

1
B
e
ta
E
x
p
(B
)

1
B
e
ta
E
x
p
(B
)

1
B
e
ta
E
x
p
(B
)

1
B
e
ta
E
x
p
(B
)

1
B
e
ta
E
x
p
(B
)

1
B
e
ta
E
x
p
(B
)

1
Fa
rm
la
n
d
1
9
7
8
0
.0
0
7
0
.0
0
7
1
.2
1
4
2
.3
6
7
1
.0
7
2
1
.9
2
1
0
.0
8
3
0
.0
8
0
0
.3
3
2
0
.3
9
4
3
5
.2
9
5
0
.7
5
4
1
9
8
7
0
.2
5
6
0
.2
9
2
1
.2
2
0
2
.3
8
7
0
.6
5
0
0
.9
1
6
0
.0
4
8
0
.0
4
7
0
.1
0
4
0
.1
1
0
0
.5
8
7
0
.7
9
9
2
0
.9
3
0
0
.7
6
6
1
9
9
8
0
.3
4
6
0
.4
1
3
1
.2
7
2
2
.5
6
8
0
.5
9
8
0
.8
1
8
0
.0
8
7
0
.0
8
3
0
.1
5
5
0
.1
6
8
0
.5
7
4
0
.7
7
5
3
8
.5
7
0
0
.7
6
3
W
o
o
d
la
n
d
1
9
7
8
0
.1
3
5
0
.1
4
5
0
.3
9
9
0
.3
2
9
0
.1
2
0
0
.1
1
3
0
.0
7
2
0
.0
7
5
0
.4
8
0
0
.6
1
6
3
6
.8
9
3
0
.7
5
7
1
9
8
7
0
.1
2
6
0
.1
3
4
0
.8
6
6
0
.5
7
9
0
.1
1
8
0
.1
1
1
0
.0
6
9
0
.0
7
1
0
.0
0
9
0
.0
0
9
3
3
.7
5
8
0
.7
5
0
1
9
9
8
0
.0
4
7
0
.0
4
8
1
.5
4
2
0
.7
8
6
0
.0
8
0
0
.0
7
7
0
.1
0
5
0
.1
1
1
0
.2
8
1
0
.3
2
4
0
.0
0
1
4
9
.1
0
1
0
.7
5
0
G
ra
ss
la
n
d
1
9
7
8
0
.2
3
0
0
.2
5
9
0
.8
3
1
0
.5
6
4
1
.4
8
3
0
.7
7
3
0
.0
2
5
0
.0
2
5
0
.6
9
2
0
.4
9
9
8
.9
4
0
0
.7
9
0
1
9
8
7
0
.7
4
6
1
.1
0
9
0
.7
4
8
0
.5
2
7
0
.1
6
3
0
.1
5
0
0
.0
2
5
0
.0
2
5
1
.8
5
5
0
.8
4
4
1
2
.2
5
0
0
.7
9
0
1
9
9
8
0
.4
2
0
0
.5
2
2
0
.9
6
4
0
.6
1
9
0
.0
9
9
0
.1
0
4
0
.0
2
8
0
.0
2
8
0
.8
3
0
0
.5
6
4
1
.2
5
1
0
.7
1
4
1
1
.3
7
7
0
.7
4
6
B
u
il
t-
u
p
1
9
7
8
0
.6
7
3
0
.9
6
0
0
.7
0
5
1
.0
2
4
0
.0
1
9
0
.0
1
9
9
.2
6
4
1
.0
0
0
0
.1
8
8
0
.2
0
7
8
.0
3
3
0
.9
7
8
1
9
8
7
0
.6
5
5
0
.4
8
1
0
.0
6
1
0
.0
6
3
8
.2
0
9
1
.0
0
0
2
2
.7
2
2
0
.9
6
5
1
9
9
8
0
.4
0
8
0
.5
0
4
1
.6
1
7
0
.8
0
2
0
.0
7
0
0
.0
7
3
4
.2
3
0
0
.9
8
5
0
.1
5
9
0
.1
7
2
2
5
.3
9
0
0
.9
5
6
U
n
u
se
d
la
n
d
1
9
7
8
1
0
.0
4
9
1
.0
0
0
0
.7
2
3
0
.5
1
5
0
.2
4
4
0
.2
7
6
6
.0
8
1
0
.9
9
8
0
.4
5
4
0
.5
7
5
1
6
.9
7
4
0
.8
3
8
1
9
8
7
3
.3
2
7
0
.9
6
4
0
.3
2
8
0
.2
8
0
0
.0
4
3
0
.0
4
4
0
.1
8
4
0
.2
0
2
1
.8
1
7
0
.8
3
7
0
.2
6
0
0
.2
9
7
9
.4
5
8
0
.8
3
8
1
9
9
8
1
0
.7
5
3
1
.0
0
0
1
.4
4
4
0
.7
6
4
0
.3
3
1
0
.2
8
2
0
.3
0
4
0
.3
5
5
1
.5
9
0
0
.7
9
6
0
.2
0
1
0
.2
2
3
4
0
.6
9
8
0
.9
0
0
E
x
p
(B
)
v
a
lu
e
s
in
d
ic
a
te
th
e
ch
a
n
g
e
in
o
d
d
s
u
p
o
n
o
n
e
u
n
it
ch
a
n
g
e
in
th
e
in
d
e
p
e
n
d
e
n
t
v
a
ri
a
b
le
.
W
h
e
n
E
x
p
(B
)

1
>
0
th
e
p
ro
b
a
b
il
it
y
in
cr
e
a
se
s
u
p
o
n
a
n
in
cr
e
a
se
in
th
e
v
a
lu
e
o
f
th
e
in
d
e
p
e
n
d
e
n
t
v
a
ri
a
b
le
,
w
h
e
n
E
x
p
(B
)

1
<
0
th
e
p
ro
b
a
b
il
it
y
d
e
cr
e
a
se
s.
T
h
e
d
ri
v
in
g
fa
ct
o
rs
th
a
t
h
a
v
e
n
o
si
g
n
iﬁ
ca
n
t
co
n
tr
ib
u
ti
o
n
to
th
e
e
x
p
la
n
a
ti
o
n
o
f
th
e
la
n
d
u
se
d
is
tr
ib
u
ti
o
n
a
re
e
x
cl
u
d
e
d
fr
o
m
th
e
ﬁ
n
a
l
re
g
re
ss
io
n
e
q
u
a
ti
o
n
.
a
A
ll
v
a
ri
a
b
le
(d
ri
v
in
g
fo
rc
e
s)
si
g
n
iﬁ
ca
n
t
a
t
p
<
0
.0
1
.
G. Luo et al. / Ecological Complexity 7 (2010) 198–207 203where Pi is the probability of a grid cell for the occurrence of
the considered land use type i and the X are the driving
factors. The value of Relative Operating Characteristics (ROC)
put forward by Pontius and Schneider (2001) is used to
indicate the validation of the model.
Based on this GIS dataset logistic regression models were
constructed to determine the relations between land use and a
set of a set of potential driving factors. For each of the land use
types, a logistic regression was run in 1978, 1987 and 1998,
respectively (Table 3). Seven driving factors, including popula-
tion density, soil organic matter, groundwater table, elevation,
gradient, livestock density, groundwater quality, were selected
to evaluate the suitability of a certain grid cell to be devoted to
a land use type. From the table it can be seen that not all driving
factors were actually included in the regression models. The
spatial distribution of all land use types couldwell be explained
by the selected driving variables as indicated by the high ROC
test statistics (>0.7).
(3) Spatial policies and restrictions: in addition to the land
requirements and location suitability, the model accounts for
the spatial policies and restrictions for the speciﬁc land use
type that inﬂuence the conversion and cause differences in
spatio-temporal behavior. Changes in farmland area are
usually restricted, particularly the protection areas of basic
farmlandswithinwhich special protection is carried out for the
cultivated lands according to Agriculture Law of the People’s
Republic of China. Due to its agglomeration effects, built-up
area extension may be allowed to properly take up the
neighborhood farmland only after neighborhood other land use
types are preferentially converted into built-up. Shelter forests
among woodland are usually not allowed to be converted to
other land use types in the study area.
(4) Land use type speciﬁc conversion setting: for each of the
scenarios, land use type speciﬁc conversion settings were
deﬁned and implemented by the relative elasticity for change
(ELAS) for the land use type into any other land use type in the
model (Verburg et al., 2002). The relative elasticity ranges
between 0 and 1. The higher the deﬁned elasticity, the more
difﬁcult it gets to convert this land use type. In the study areas,
the change in land use showed frequent conversion between
land use types during 1978–1998 (Luo et al., 2008). Based on
the reference data during 1987–2004, the values of conversion
elasticity for different land use types were tuned so that they
are suitable for the calibration of the model. According to the
deﬁned scenarios (see Section 2.3.2), speciﬁc conversion
elasticity values of land use types were deﬁned and imple-
mented in the model during 2004–2030 (Table 4).
3. Results
3.1. Simulation of demand for the land use types
The SD model was used to project the demand for the land use
types during 2004–2030. The timeframe for the SD model
simulations is from 2004 to 2030 with yearly time steps in the
FLU. According to the three different modes deﬁned above (see
Section 2.3.2), the demand for areas of different land use types in
2010, 2020 and 2030 were projected. The projection results are
presented in Table 5.
3.2. Simulation of land use during 2004–2030
The data of 1987 and 1998 were used to calibrate the model to
specify the model parameters and variable settings. The data of
2004 was used to validate the model to evaluate its ability of
Table 4
Values of land type conversion elasticity (ELAS) in FLU area.
Scenario Farmland Woodland Grassland Built-up Unused land
1978–2004 0.7 0.6 0.4 0.9 0.6
2004–2030 Reference scenario 0.7 0.6 0.4 0.9 0.6
Economic scenario 0.7 0.5 0.6 0.9 0.7
Ecological scenario 0.6 0.7 0.3 0.9 0.7
Table 5
The land use demand in the FLU area during 2004–2030 (units: ha).
Mode Farmland Woodland Grassland Residential and industrial land Unused land
2004 7611 1083 2873 541 590
2010 Reference scenario 7412 1145 2931 559 651
Economic scenario 7577 1072 2852 579 618
Ecological scenario 7102 1250 3090 556 700
2020 Reference scenario 7217 1217 2999 608 657
Economic scenario 7677 1025 2764 684 548
Ecological scenario 6439 1573 3350 594 742
2030 Reference scenario 7265 1304 2926 692 511
Economic scenario 8131 978 2436 881 272
Ecological scenario 5947 2040 3469 652 590
G. Luo et al. / Ecological Complexity 7 (2010) 198–207204projection. Fig. 4 shows the actual land use distribution and
simulated land use in 1987, 1998 and 2004, respectively. The
Kappa statistic was employed to evaluate the accuracy of the
model. The values of the kappa statistic are 0.83, 0.84 and 0.81 in
1987, 1998 and 1994, respectively, which indicates the model was
reliable and could be used to project the land use in the future
based on the given scenarios. Fig. 5 shows the simulated future
land use pattern for each mode in 2010, 2020 and 2030 according
to three scenarios. For different land use types, the relativeFig. 3. Overview of the CLUE-S modelling proceduredifferences of the actual allocation areas from CLUE model and the
demand areas derived from the SD model is 0.35–3%.
4. Discussion
It is important to acknowledge that no single model is able to
capture all of key processes to explore land use change at the
different spatial and temporal scales relevant to make a full
assessment of driving factors and impacts (Verburg et al., 2008).modiﬁed from Verburg and Overmars (2007).
Fig. 4. Observed land use in the FLU area of the Sangong watershed in 1987, 1998 and 2004 and simulated land use for the corresponding period.
Fig. 5. Simulated land use in the FLU area of the Sangong watershed for 2010, 2020 and 2030 corresponding the reference, economic and ecological scenario.
G. Luo et al. / Ecological Complexity 7 (2010) 198–207 205Each LUCCmodel has its own potential and constraints. This paper
accounted for such a perspective that the combination or
integration of existing land use models based on the multi-scale
characteristics of land use change could improve land use change
and land use scenario analyses.
In this study, we have successfully integrated the SDmodel and
CLUE-S model to characterize the land change processes at
different scales and improve the simulation ability of current land
use change model to reﬂect the complexity of the land use system.
The SDmodel can project the demand for land use types as a whole
with the consideration of biophysical and social-economic factors
but spatial consideration. This could be regarded as a ‘‘top-down’’
implementation process at the high level of land user making
decision. The SD methodology can account for the effect of thesocial-economic factors on land use demand at the macro-level
such as country, province, and local. It is also able to take into
account of the resource limit of biophysical factors on land use
demand at local or regional scale. The CLUE methodology does not
explicitly determine the resource limits of both biophysical and
socio-economic factors on the projections of future land use
(Verburg et al., 2002), but it can allocate the land use demand
determined by the SD model at the local or regional scale with the
spatial consideration of land use suitability, spatial policies and
restrictions and neighborhood effect to satisfy the balance
between land use demand and supply. The application of the
combination of SD and CLUEmodel in Sangongwatershed suggests
that the methodology have the ability to reﬂect the complex
behaviors of land use system at different scales to some extent and
G. Luo et al. / Ecological Complexity 7 (2010) 198–207206be a useful tool for analysis of complex land use driving factors
such as land use policies and assessment of its impacts on land use
change. The methodology adopted in the study could also indicate
possible patterns of land use change under the different social-
economic and environmental ‘‘what-if’’ scenarios. The possible
land use changes and the ‘hot spots’ could be foreseen. Therefore, it
could be used as a tool for understanding the possible impacts of
land use change on terrestrial ecosystem and providing scientiﬁc
support for land use planning and managements.
Due to the complexity of land use system, it is necessary to think
and combine different land use processes within a single modeling
framework to assess land use dynamics. Usually, there is an obvious
difference in landusebetweenurbanand rural area. In this study,we
could not allow for this situation. In fact, urban expansion is derived
from more complicated driving forces (e.g., decision-maker’
behavior), which is difﬁcult for the SD and CLUE model to account
for. In this case, an agent-based model could be selected to analyze
urban land use dynamic, which can explicitly address the decision-
making process about urban expansion. If the combination or
integration of these threemodelswithinonemodeling framework is
successfully applied to assess land use dynamics, a good balance
between maneuverability of the integrated model and representa-
tion of the complexity of the land use change may be achieved. We
should make our efforts to facilitate such attempt to develop
integrated approaches with different expertise and complementary
knowledge on the land use system, which is helpful to explicitly
address uncertainty land use modeling.
The deﬁnition of conversion elasticity in the CLUE model is
based on the user’s knowledge of the situation, and the setting of
for the conversion elasticity has an important inﬂuence on the
resulting land use patterns as they are directly related to the
trajectories of change and land use histories (Verburg et al., 2002).
This probably results in some uncertainty for simulation of land
use change. It is therefore necessary to put forward a new solution
to better deﬁne it quantiﬁcationally by using available historical
data for land use, and improve settings ofmodel parameters during
the calibration of the CLUE model.
5. Conclusion
This paper improves the characterization and presentation of
the land use change processes by combining a CLUE model with a
SD model, which gives insight into better understanding of the
possible impacts of land use change on terrestrial ecosystem and
provides scientiﬁc support for land use planning and manage-
ments. The SDmodel presented is used to calculate area changes in
demand for land types as awholewithout the spatial consideration
while the CLUE model is used to transfer these demands to
spatially explicit land use patterns at a ﬁner scales with the spatial
consideration of land use suitability, spatial policies and restric-
tions to satisfy the balance between land use demand and supply.
The successful application of the methodology in Sangong
watershed has proved that the integration of currently existed
models based on the multi-scale characteristics of land use change
within a single modeling framework could be a feasible solution,
because it is able to reﬂect the complexity of the land use system
and capture key processes of land use change at the different
scales. The integration of existing land use models within a single
modeling framework should be encouraged and enhanced in the
future research on land use dynamics due to the complexity of land
use systems.
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